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ABSTRACT 


A  surfe  ce  'otential  cor:. .rolled  transistor  was  recently  developed, 
the  chare. cteristies  of  which  depend  upon  two  semiconductor  phenomena 
usually  thought  of  as  deleterious  tc  transistor  operation.  These  ere 
carrier  recombination  and  channel  effects,  Tire  device  is  characterized 
by  a  high  impedance  grid  which  allor.-s  efficient  operation  from  a  low 
impedance  soiu'ce.  It  offers  promise  of  replacing  vacuum  tubes  in  many 
applications  not  previously  possible. 

The  physics  of  operation  are  explained  and  the  description  of  the 
device  in  terras  of  hybrid  parameters  is  given.  Tire  variation  of  these 
parameters  with  bias  conditions  is  investigated  and  explained  in  terms 
of  the  underlying  physics.  The  characterization  of  the  device  as  a  trans¬ 
ducer  is  derived  in  terms  of  gain  and  impedance  levels. 
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Introduction. 


In  1961,  Dr.  C.T.  Sail  described  c  new  semiconductor  device  which  he 
celled  a  "surface -potential  controlled  transistor’.'/]/  In  addition  to  the 
usual  emitter,  base  and  collector  terminals  this  device  features  a  fourth 
terminal  known  as  a  grid.  It  is  the  effect  on  collector  current  of  a 
potential  applied  to  the  grid  and  the  high  impedance  of  this  terminal 
which  sets  tMs  device  apart  from  the  remainder  of  the  transistor  family. 
Because  of  the  fourth  terminal  and  the  similarities  to  vacuum  tube  opera¬ 
tion,  this  device  is  appropriately  described  by  the  term  "tetrode"  and 
such  it  shall  he  called  during  the  remainder  of  this  discussion. 

The  tetrode  depends  upon  two  semiconductor  phenomena  for  its  opera¬ 
tion,  These  phenomena  are  channel  and  recombination  of  holes  and  elec¬ 
trons.  Until  the  advent  of  the  tetrode  these  two  effects  were  deleteri¬ 
ous  to  transistor  action  and  strong  efforts  were  made  to  curb  them. 

Since  they  were  regarded  as  second  order  effects,  most  engineers  are 
unfamiliar  with  the  mechanisms  involved.  They  iri.ll  be  described  in 
Sections  3  and  4  of  this  paper. 

The  tetrode  may  be  described  by  a  set  of  three  hybrid  equations 
defined  by  the  current-voltage  relationships  at  each  of  the  three  inde¬ 
pendent  terminals.  These  characteristics  and  their  variations  with  bias 
conditions  will  be  presented  in  Section7  along  with  the  associated  linear 
equivalent  circuit.  An  explanation  of  the  parameters  in  tern's  of  the 
physics  of  the  tetrode  will  also  be  given.  Finally,  the  expressions  for 
voltage  gain,  input  impedance  and  output  impedance  will  be  derived  and 
discussed  together  with  some  cautions  regarding  use  of  this  device  in 
circuits. 
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2.  Description  of  larufacture, 

A  knowledge  of  the  construction  of  the  tetrode  will  be  an  aid  in 
understanding  the  action  of  the  transistor  in  later  discussions.  Con¬ 
struction  fellows  the  sequence  for  the  surface  passivated  planar.  How¬ 
ever,  the  last  phase  involves  depositing  a  metal  contact  on  the  protec¬ 
tive  oxide  layer  of  the  emitter-base  junction.  Figure  1  illustrates  the 
steps  in  manufacture. 

An  n-type  silicon  substrate  forms  the  collector.  This  is  etched 
to  clean  the  surface  and  then  exposed  to  a  steam  and  oxygen  atmosphere 
which  causes  a  stable  silicon  dioxide  to  grow  into  the  surface.  It  is 
this  protective  oxide  which  passivates  the  surface  and  provides  the 
extremely  low  leal-cage  currents  in  planar  transistors  (of  the  order  of 
tenths  of  nanoamps).  This  is  shown  in  figure  1(a). 

A  window  is  etched  in  the  oxide  layer  exposing  the  n-type  silicon 
for  the  base  diffusion  (figure  1(b)).  The  base  is  diffused  into  the 
collector  from  a  boric  acid  vapor  atmosphere.  The  metallic  boron  dif¬ 
fuses  into  the  exposed  silicon  and  forms  a  p-type  layer.  It  is  important 
to  rote  in  figure  l(c)  that  the  junction  is  formed  underneath  the  oxide 
layer  covering  the  collector.  This  means  that  the  junction  surface  has 
not  been  exposed  to  a  contaminating  atmosphere  as  is  the  case  in  conven¬ 
tional  transistor  manufacture.  During  the  base  diffusion,  another  oxide 
layer  grows  into  the  previously  exposed  silicon.  In  the  case  where  boron 
is  used  as  the  base  diffusa nt,  this  may  talce  the  fora  of  a  borosilicate 
glass. 

As  before,  a  window  is  etched  in  the  oxide  over  the  base  to  expose 
the  p-type  silicon  to  the  emitter  diffusant  (figure  1(d)).  Phosphorous 
is  used  as  the  donor  impurity  for  the  emitter  r-type  layer.  It  is  dif¬ 
fused  into  the  bc.se  from  a  phosphorous  pertoxide  atmosphere.  The 
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Fig.  1  1  etliod  of  manufacture  of  surface-potential  controlled  transistor 


presence  or  tre  oirygci  avisos  ■  third  oxide  to  r-xov  into  the  exposed 
silicon  and  art- in,  the  .’junction  intersects  the  surface  under  the  protec¬ 
tive  oxide  layer  v;.ich  pcssivates  the  surface,  (figure  1(e)) 

Provision  for  ohnic  contacts  is  race  by  etching  iri.nc.ovs  over  the 
emitter  and  base  regions  and  metallising  uith  aluminum.  The  etching  of 
the  ohnic  contact  vi neons  leaves  an  oxide  layer  protecting  the  emitter- 
base  junction  surface.  It  is  this  oxide  irhich  provides  the  possibility 
of  a  fourth  terminal.  This  oxide  is  metallised  and  a  lead  is  bonded  to 
it,  thus  forming  the  grid.  The  effect  of  a  potential  applied  to  this 
grid  is  the  subject  of  the  remainder  of  this  paper. 
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3.  The  I  he  none  non  of  Channel  ir.  Seni  conductors. 

.a.  understandir.  •'  of  the  way  in  which  collector  current  is  controlled 
by  frit-  voltaic  in  the  tetrode  requires  i  n  understanding  of  an  effect 
known  channel  conductivity  in  semiconductors .  Tliis  effect  has  been 
observed  for  many  years  in  transistors  and  has  been  used  to  explain  ex¬ 
cessive  leakage  current  in  p-n  junctions  /Z /  as  well  as  the  drift  in 
potential  of  an  open-circuited  emitter  when  the  collector-base  junction 
is  reverse  biased. /3/  This  latter  effect  is  known  as  "floating  potential." 

Channel  conductivity  nay  be  described  as  a  region  near  a  p-n  junc¬ 
tion  into  which  cither  electrons  or  holes  from  the  other  side  of  the 
junction  nay  flow  without  encountering  a  potential  barrier. /l/  Tills  is 
often  mistaken  for  an  inversion  layer  which  is  a  layer  of  n-type  semi¬ 
conductor  near  the  surface  of  a  material  which  has  been  doped  to  be  p- 
typo  or  vice  versa.  Several  investigators  have  concerned  themselves  with 
methods  of  creating  and  controlling  channels  artificially  in  the  labora¬ 
tory.  J.T.  Law  attributed  this  anomalous  conductivity  to  an  ionic  current 
in  a  layer  of  inter  adsorbed  on  the  surface  when  a  reverse  bias  was 
applied  to  a  p-n  junction. /4/  At  approximately  the  sane  time,  H.  Chris¬ 
tensen  isolated  the  channel  conductivity  from  law’s  ionic  current  theory 
by  freezing  the  adsorbed  inter  layer  at  dry  ice  temperature.  He  was  thus 
able  to  show  that  the  channel  was,  at  least  in  part,  due  to  charge  carriers 
within  the  bulk./f>/  He  attributed  the  channel  to  an  electric  field  at  the 
surface.  This  electric  field  disturbed  the  equilibrium  charge  distribu¬ 
tion  near  the  surface  thus  causing  the  channel.  U.L.  frown  /3/,  following 
J,  Bardeen's  theory  of  surface  states  /6/  developed  a  mathematical  treat¬ 
ment  for  describing  the  electric  field  in  the  interior  and  at  the  surface 
of  a  semiconductor  with  such  an  adsorbed  layer  of  surface  charge.  His 
model  was  extended  by  A.L.  KclJhorter  and  n.H.  Kingston  who  assumed  a 


che.  iirx:l  and  cr  lev  la  ted  ''ho  :  rrocic  toe  mrrer"’.  s  end  voltages  in  and  along 
the  channel  .for  a  germanium  model,/?./  As  Snh  points  out  /l/,  this  model 
is  valid  only  for  germanium  samples  since  recombination  current  las  neg¬ 
lected.  Such  recombination  is  of  the  utmost  importance  in  describing  the 
tetrode  and  will  be  discussed  in  detail  later.  In  1957,  II.  Cutler  and 
H.II.  Bath  modified  the  work  of  McWhorter  and  Kingston  to  explain  the  non¬ 


saturating  reverse  current  and  low  forward  current  c’naracteristics  in 
silicon  diodes. /l/  R.K.  Kingston  and  S.K.  Koustadter  followed  a  develop¬ 
ment  parallel  to  Brown’s  in  calculating  the  space  charge  and  free  carrier 
concentration  as  well  as  the  electric  field  at  the  surface  of  a  semicon¬ 
ductor. /C/  These  works  provide  a  useful  departure  point  for  the  treat¬ 
ment  of  the  channel  effects  in  the  Sah  tetrode.  Unfortunately,  all  of 
these  treatments  are  directed  tovjard  the  individual  who  is  well  versed  in 
the  concepts  of  the  physics  of  the  solid  state  and  not  the  average  elec¬ 
tronics  engineer.  The  development  which  follows  is  a  model  for  the 
creation  of  a  channel  which  uses  concepts  familiar  to  the  engineer.  The 
reader  should  be  cautioned  against  pressing  the  model  beyond  its  applic¬ 
ability.  It  is  intended  as  a  heuristic  model.  A  more  comprehensive  model 
within  the  precepts  of  solid  state  physics  will  be  presented  later.  The 
reader  who  is  interested  in  following  the  later  development  or  who  feels 
need  of  a  review  of  semiconductor  physics  is  referred  to  the  now  classic 
book  on  the  subject  by  U.  Shockley:  particularly  chapters  1,  5,  9,  10 
and  IP.  A  foundation  in  quantum  mechanics  oriented  toward  semiconductors 
is  set  out  in  Kart  III  of  the  same  volume. /9/ 

As  stated  earlier,  there  is  a  difference  between  the  formation  of  a 
channel  and  an  inversion  layer.  A  channel  is  associated  only  with  the 
problem  of  whether  a  charge  carrier  sees  a  potential  barrier  at  a  junc¬ 
tion,  regardless  of  the  actual  carrier  concentrations  in  the  immediate 
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vicinity.  An  inversion  layer  is  defined  in  terras  of  the  relative  carrier 
concentrations  and  may  occur  independent  of  whether  the  carriers  see  a 
potential  terrier.  Inversion  is  present  whenever  the  concentration  of 
the  normally  minority  carriers  exceeds  the  normally  majority  carrier  con¬ 
centration.  This  may  occur  before,  at  the  same  time,  or  after  the  onset 
of  a  channel.  A  channel  occurs  whenever  the  potential  barrier  for  major¬ 
ity  carriers  in  a  p-n  junction  is  reduced  to  zero .  For  example,  if  elec¬ 
trons  in  an  n-type  material  see  no  potential  terrier  to  restrain  them 
from  diffusing  to  the  p  side  of  a  p-n  junction,  the  condition  of  channel 
is  said  to  exist.  To  simplify  matters,  it  will  bo  assumed  that  the  onset 
of  channel  and  the  formation  of  an  inversion  layer  occur  simultaneously. 
Under  this  assumption  the  words  "channel"  and  "inversion  lay  or"  may  be 
used  inter  cha  ngeably , 

Consider  the  p-n  junction  in  thermal  equilibrium  shown  in  figure  2(a). 
Under  these  conditions  the  junction  is  bad;  biased  by  an  amount  deter¬ 
mined  by  the  diffusion  of  majority  carriers  across  the  junction.  The 
majority  carrier  space  distribution  is  uniform  in  the  y  direction.  The 
electrons  on  the  n  side  now  cannot  surmount  the  repolling  electric  field 
in  the  transition  region. 

Now  lot  a  positive  potential  V0  be  applied  to  the  surface  of  the  p- 
type  material.  The  associated  electric  field  repels  the  holes  nearest 
the  surface  and  uncovers  some  of  the  negative  ions.  Minority  electrons 
are  also  attracted  from  the  bulk  toward  the  surface.  The  migration  of 
the  charge  carriers  and  the  uncovering  of  ions  ends  whon  the  potential  at 
the  surface  has  been  neutralised  and  the  system  i3  once  more  in  equilib¬ 
rium,  One  offect  has  been  to  reduce  the  concentration  of  free  holes  near 
the  surface  and  increase  the  number  of  free  electrons  from  their  normal 
equilibrium  values.  Another  effect  has  been  to  lower  the  potential 
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.or  'x  -joebrorr  /rev.,  tee  n  nice  cr/usec  by  tills  slight 
biasing,  The  rev  eeuiH  ibrium  condition  is  shown  in  figure  2(b).  It  is 
assumed  that  no  current  flows  out  through  the  scmicoud  tic  tor  surface. 

The  region  near  the  surface  in  now  less  p-type  than  before. 

Let  the  surface  potential  be  increased.  Hie  number  of  electrons 
available  from  the  p-type  bull:  is  United  by  the  depth  cf  penetration  cf 


the  electric  field  into  the  bulk.  Ho never,  increasing  the  surface  poten¬ 
tial  tends  to  forward  bias  the  junction  near  the  surface  and  thus  makes  a 
3.arge  supply  of  electrons  available  in  this  area.  Therefore,  after  an 
initial  supply  from  the  p-type  material,  nearly  all  of  the  electrons 
needed  to  neutralize  the  surface  potential  come  from  the  n  side  end  the 
change  in  surface  potential  is  manifested  in  a  change  in  bias  across  the 
junction  near  the  surface  necessary  to  provide  these  electrons.  It  should 
be  clear  that  for  some  value  of  surface  potential,  the  number  of  electrons 
will  exceed  the  nunber  of  holes  in  the  l.ocal  region  at  the  surface.  This 
describes  an  n  typo  material  by  definition.  The  further  the  potential 
increases,  the  more  strongly  n-type  the  layer  becomes.  Since  the  electric 
field  caused  by  the  surface  potential  decreases  as  a  function  of  depth 
from  the  surface  into  the  bull:,  the  n-type  layer  is  less  strongly  n-type- 
as  we  go  from  the  surface  into  the  bulk.  Eventually,  at  some  depth,  the 
concentration  of  free  holes  again  exceeds  the  x'ree  electron  concentration 
and  the  material  is  again  p-type.  This  indicates  that  the  n-type  layer 
does  not  extend  very  far  into  the  bulk  since  the  change  in  surface  poten¬ 
tial  serves  more  to  forward  bias  the  junction  than  to  repel  holes  from  the 
surface.  The  fact  that  the  depth  of  the  surface  n-type  layer  saturates 
very  quickly  will  be  demonstrated  by  the  results  of  a  later  calculation. 

It  should  be  looted  that  we  have  satisfied  our1  definition  of  a  dic.nn.els 
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si»  i-i-.y  layer  x  x  . ,io n  '.a'"..x31y  c;  c  to  bo  "-type. 

I*  r' c  ?.  '  c  tf  out  theft  the.  gior  where  the  bulb  t.  -,or±c  3. 
rates  the  •’•rare  .‘..tic:  fro”  the  r-type  surf;  ce  layer,  through  the  intrinsic 
range  to  t.  e  p-tywo  region  refines  a  p-r.  junction  transition  region.  It 
cho-’l '  also  he  noted  tin  t  hois  junction  is  reverse  biased  since  the  n 
region  is  at  a  positive  potential  ■  ;ith  rosy  ct  to  the  p  region.  To  pre¬ 
pare  the  nay  for  later  arguments,  consider  the  effect  of  a  lo "gitudiral 
current  floidng  ir  the  channel  to  nurd  the  junction.  The  channel  is 
quite  resistive  and  a  voltage  crop  occurs  in  the  channel  which  reduces 
the  reverse  bias  across  the  channel  junction.  Thus  the  channel  becomes 
wider  as  we  approach  the  no  meal  junction  from  the  nominally  p  side,  xs 
we  shall  see  later,  such  a  current  is  caused  by  re combination  of  electrons 
and  holes  in  the  channel.  Figure  3  represents  this  situation  for  a  con¬ 
stant  current  flowing  in  a  channel  of  uniform  resistivity.  The  potential 
drop  is  then  a  linear  function  of  distance. 

The  case  which  is  of  interest  to  us  is  the  tetrode.  The  source  of 
the  positive  potential  would,  of  course,  be  a  source  applied  to  the  grid 
of  the  ‘tetrode.  Since  the  oxide  layer  over  the  emitter-base  junction  is 
an  excellent  insulator  with  a  resistivity  of  approximately  5x10°  oten-cm 
at  250°C  the  previous  assumption  of  no  current  leaving  the  surface  is 
valid.  The  description  of  channel  formation  used  only  a  potential  applied 
•to  the  p-type  material.  The  oxide  layer  which  forms  the  grid  extends 
over  the  n-type  material  as  well.  Such  as  applied  potential  on  the  re¬ 
side  would  nullify  the  biasing  effects  of  the  change  in  potential  on  the 
p-side.  Thus  it  rust  be  assumed  that  the  nature  of  the  interface  between 
the  silicon  and  the  oxiac  is  different  for  the  two  typos  of  silicon  and 
prevents  the  grid  voltage  from,  changing  the  potential  at  the  active  sur¬ 
face  of  the  n-type  si.  icon.  Sail  has  attributed  this  effect  to  the 


1] 


tto  ba  01j.1t.’’ 


the  kocphorons  (a- type  iffusar.t)  is,  rejected  by  the 


oxide  citrine  ':^ie  diffusion  of  the  emitter  arc  will  therefore  fora  a 
layer  of  highly  ccr.cci  bra  tec  phosphorous  a  tons  at  the  interface.  This 
forms  a  degenerate  layer  (metallic  layer)  which  screens  the  surface  of 
the  silicon  from  the  applied  eric!  potential.  Hence  an  applied  grid  volt¬ 


age  vill  not  affect  the  distribution  of  charge  carriers  in  the  r— type 
material  to  any  marked  degree.  On  the  other  hand,  the  oxide  shows  an 
affinity  for  the  base  diffusant  (boron)  during  diffusion  so  that  the 
region  at  the  surface,  under  the  oxide  is  less  heavily  doped  than  the 
bulk  material  in  the  interior.  As  a  result,  the  surface  has  a  lower 
equilibrium  hole  concentration  and  the  charge  distribution  will  be  more 
responsive  to  grid,  voltage  changes.  Figure  4  illustrates  these  points.. 

Formation  of  a  channel  on  the  p-side  of  an  n-p  junction  has  been 
described.  This  corresponds  to  a.  channel  under  the  grid  in  the  base  of 
an  n-p-n  tetrode.  In  order  to  more  fully  describe  the  formation  of  the 
base  charnel,  we  must  turn  to  an  analysis  of  potential  within  the  base. 

The  qualitative  description  of  channel  formation  given  above  can  be 
made  more  quantitatively  rigorous  by  determining  the  electric  field  in 
the  bulk  of  the  base.  Fore  importantly,  solution  of  the  problem  for  the 
electrostatic  potential  within  the  volume  will  yield  information  as  to  the 
depth  of  penetration  of  the  channel  into  the  bulk.  Inter  it  will  be 
possible  to  correlate  potential  with  channel  current  by  considering  re¬ 
combination  current  in  the  channel  and  its  effect  upon  the  depth  of  the 
channel.  In  order  to  formulate  the  problem,  it  will  be  necessary  to 
describe  channel  formation  in  terms  of  the  energy  of  charge  carriers . 

The  description  will  be  somewhat  parallel  to  that  given  by  Drown  /3 /  and 
Kingston  and  Keustadter  /S/. 

Figure  5  is  a  three  dimensional  representation  of  the  energy  of  an 


12 


OHMIC  CONTACT  v 


P  TYPE  INPURITY  DEPLETED 
'NEAR  SURFACE 


I 


DEGENERATE  LAYER  OF 

PHOSPHOROUS  CREATED^.  \s~\  A  ^  A 

DURING  DIFFUSION  W  \J  \U  \D  \ZJ  \J  \J  \J  W 

400000000 


OXIDE  ACCEPTS 
BORON  DURING 
DURING 
DIFFUSION 


©  0  ©©©©©©©©©©©©!  0 
©©©©©©©©©©©©!  ^ 
©©©©©©©© 


©  ©  ©  O  © 


©  © 
©  © 


©©©  ©©  ©©© 

N  REGION 

©©©  ©©  ©©© 

©©©©©©©© 
©©©©©©©© 


©  ©  ©  ©  ©  ©  © 


©©©©©0©O  0  © 

P  REGION 

oooooooo  o  o 

oooooooo  o  o 

©©oooooo  o  © 

Fie*  4  Impurity  distribution  formed  during  diffusion. 
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is  r  opr  e  sen  tee  by  the  via  re  y  ~  0  ci\ 
the  n  and  p  ro'icr.e  respectively.  Pi 
of  the  Junction  at  equilibrium,  It  i 


thio  enittcr  and  ’  ase  regions  are 
pure  5(a)  shove  the  energy  levels 
s  assured  that  there  is  no  residual 


deformation  of  the  energy  levels  in  the  vicinity  of  the 


surface. 


%  and 


are  the  potentials  at  which  the  Fermi  energy  vould  lie  for  ecual  con¬ 
centrations  of  electrons  and  holes.  At  the  intersection  of  this  surface 


and  the  Perni  surface,  y?  ,  n  =  p.  For  the  equilibrium  condition  this 
occurs  at  the  center  of  the  Junction.  As  before,  it  vill  be  assumed  that 
a  potential  applied  to  the  grid  (the  plane  y  ~  0)  null  not  change  the 
potential  at  the  surface  in  the  n  region,  V0  is  the  reverse  bias  gener¬ 
ated  to  counteract  the  diffusion  of  carriers  across  the  junction.  The 
subscript  0  refers  to  the  thermal  equilibrium  value  of  the  quantity  con¬ 
cerned,  flic  subscript  n  or  p  refers  to  the  value  of  the  quantity  on  the 
n  or  p  side  respectively. 

The  potential  \J/^  or  is  defined  by  the  relationship 

j/  -  r[ft  +  *  A  V> A  (N v/nJc  ^ ] 

uherc  q  is  the  electronic  charge,  and  j//. are  the  potentials  at  the 
botton  of  the  conduction  band  and  top  of  the  valence  band  respectively, 
k  is  Boltzmann's  constant,  T  is  tho  ambient  temperature  in  °K  and  ITV  and 
Nc  are  the  effective  densities  of  states  in  the  conduction  and  vi  ler.ee 
bands  respectively  as  defined  by  Shockley  on  page  303  of  his  book,/9/ 

In  a  perfectly  intrinsic  material  I:v  =  i'c  and  ^  —  T  )  or  or.e 

he If  of  the  energy  gap. 

In  figure  5(b)  a  forward  bias  Va  has  been  applioc,  to  the  junction 
in  the  conventional  manner.  Th.is  is  manifested  in  a  lovering  cf  the 
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vhere  is  the  intrinsic  charge  carrier  concentration.  It  is  a  function 
of  temperature  only  for  a  given  [j/ ,  The  corresponding  expression  for 
electron  concentration  is: 


-*rp-fn#T 


v\  =  A;  e  (!) 

It  is  seer  tha  t  the  quantity  p-  If/  is  positive  or.  the  p  side  and  hence 
4V»>1p  as  expected  (the  ordinate  of  figure  5  is  -^)  -*ile  (?-&  is 
negative  on  the  n  side  and  >V. » -fv,  .  It  should  be  pointed  out  that 
applying  the  bias,  Va,  did  not  materially  change  the  quantity  p-p  and 
so  the  carrier  concentrations  have  not  been  modified.  This  is  only  true 
vhere  the  injected  carrier  density  is  snail  compared  uith  the  equilibrium 
majority  concentration  on  the  other  side  of  the  barrier.  Therefore  rre 
nay  avoid  explicit  mention  of  bias  conditions  and  discuss  the  effects  of 
bias  in  terms  of  the  quantity  p-tf/ « 

The  effect  of  applying  a  positive  potential  to  the  grid  is  shorn,  in 
figure  5(c).  As  previously  assumed,  it  has  no  effect  upon  the  n  side. 

The  effect  upon  the  p  side  is  to  lover  tho  energy  of  all  of  the  aliened 
states  in  the  region  to  which  the  surface-applied  electric  field  pene¬ 
trates.  There  are  now  more  electrons  with  energies  greater  than  or  equal 
to  the  new  energy  of  these  previously  empty  states.  These  electrons  will 
make  transitions  to  these  empty  states  which  raises  the  Fermi  level  toward 
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Fig.  5c  Junction  with  forward  bias  Va  ana  positive 
potential  Vs  applied  to  the  surface. 
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.  (  he  ei  r  at,  i'  .ich  \..c  probability  of  an  ele  t.:\ 

ate  .  o  g  i..  at  energy  is  half,  h  s  been  moved  town  d  t-.e 
conduction  banc.  In  figure  5(c) ,  is  the  reference  level  so  the  .,/j.v 
of  the  I'crri  level  is  nanifested  by  the  herding  of  the  energy  levels  roim 
toward  the  ferni  level.)  In  terns  of  the  behavior  of  the  semiconductor 
at  the  svrfrce,  tho  quantity  reflects  the  change.  <p-pr  has  he cone 

much  smaller  than  its  previous  value  or.  the  p  side.  As  a  result,  the 
exponent  of  the  expression  for  the  concentration  of  holes  is  smaller  and 


therefore  p  is  smaller.  Conversely  the  exponent  in  tho  expression  for  n 
increases  and  n  is  larger.  The  two  are  more  nearly  equal  and  the  material 
more  nearly  intrinsic. 

An  interesting  point  to  rote  in  passing  is  that  the  conductivity  of 
the  surface  layer  increases  as  the  concentration  of  electrons  increases. 
This  is  due  to  the  higher  mobility  of  electrons  over  that  of  holes? 


O'  =  ^  K  +  ) 

=<$A  *  Af  ' 

where  A//*  < 1  •  <T  is  the  semiconductor  conductivity,  A  and  /*?  are 
the  respective  mobilities  for  electrons  and  holes.  The  conductivity  is 
seen  to  increase  with  A  .  Since  decreases  as  a  function  of  depth 
into  the  material,  so  does  n  and  consequently  (T  .  Therefore  the  vclta; 
drop  due  to  a  longitudinal  channel  current  is  less  near  the  surface  of 
the  channel  than  deeper  into  the  channel.  This  is  another  factor  which 
tends  to  confine  channel  current  to  the  immediate  surface  layer. 

Increasing  the  grid  voltage  further  results  in  the  situation  shorn 
in  figure  5(d).  The  energy  bands  have  been  lowered  so  far  that  the  form 
level  is  now  between  and  the  conduction  band.  The  sign  of  fais 

changed  and  n  is  now  greater  than  p.  The  surface  layer  is  now  n-iype 


Fig.  5d  Junction  with  forward  bias  Va  and  apt. lied 
surface  potential  Vs.  Notice  that  the;  intrinsic 
intersection  no  longer  touches  surface.  An  n-typr 
layer  has  been  formed  on  the  surface. 


This  satisfies  the  rovious 


edinition  of  channel,  ks  err  he 


ns  torial . 

seen  from  figure  5 (cl) >  the  i  layer  e:rtor.d's  into  the  y-type  material  to  r 
depth  deter  lined  by  the  intersection  of  if/  and  (p  . 

L  determination  of  the  depth,  of  the  channel  nay  be  mace  by  solving 
Poisson's  equation  for  the  potential  in  the  interior  of  the  p  region  as 
a  function  of  the  grid-induced  surface  potential: 

V*  i/f(y)  =  ~p<V)/£ 

where  is  the  charge  density  as  a  function  of  position  and  £  is  the 

permittivity  of  the  semiconductor.  The  approach  will  parallel  the  analy¬ 
sis  presented  by  Kingston  and  I 'custad ter  /£>/.  It  will  be  assumed  tha  t  the 
variation  of  potential  is  unidirectional  and  not  a  function  of  time.  The 
surface  is  the  origin  of  the  y  coordinate  of  figure  5.  The  energy  origin 
is  taken  as  the  Permi  level  in  the  p-type  material.  The  variation  of  po¬ 


tential  in  the  transition  region  is  neglected  so  that  our  discussion  is 
limited  to  the  region  in  which  the  grid  has  the  greatest  effect. 


The  charge  density  is  given  by: 


Deep  in  the  bulk  it  is  known  that  charge  neutrality  exists  and  the  elec¬ 
tric  field  is  sero.  The  potential  has  some  equilibrium  value  \j/^  shown 
in  figure  5.  Using  the  charge  neutrality  condition  we  have : 


p  -  Nj  -  Na  +  — 'f\  =  0 

VI  -yps  -  Na 

n  and  p  are  given  by  (l)  and  (2) 


(n-  ^>)  = 


t  <p)/Jkr 

~  v*;.  si  nit 
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Deep  in  the  bulk  ft- (fa  and  n~p  =  I.cp— ,  hence: 

Krw«,=  2*<  sin^^i/ir 

Similarly  p~n  ~  V5{  %\fS.  Cfaft/MT  in  general. 

Poisson's  conation  for  the  one  dimensional  case  he cones 


^  X  c^(ft/jkJ  -  sinh^'/t/kT  “j  (3) 


Using  the  identity 


and  integrating,  (3)  be cones: 


This  integration  is  fron  the  bulb,  ton-ard  the  surface  and  yields  an  expres¬ 


sion  for  the  olectric  field  as  a  function  of  the  potential  at  any  point: 


^  ^  cesh0  -  ^ cosh  ^  ’  (4! 

Equation  (4)  must  now  be  integrated  to  find  the  potential  J^as  a  function 


of  x: 


The  solution  of  this  integral  will  yield  the  potential  at  any  depth. 

More  importantly,  if  ft*  0  is  the  upper  Unit  of  the  right  hand  integral, 
the  corresponding  value  of  x  will  be  a  measure  of  the  depth  of  penetra¬ 
tion  of  the  channel  into  the  bulk  as  a  function  of  A  solution  in 

closed  fem  is  not  ’possible  however  a  plausibility  argument  will  show 
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that  tho  channel  «..ept!.  saturates  as  a  function  of  ^  . 

The  initial  value  of  is  positive  and  ifc  is  negative ♦  The  inte¬ 
grand  is  the  slope  of  the  integral.  For  large  positive  values  of  </s  tho 
denominator  approaches  infinity  with  the  cosh  hence  the  integrand 
approaches  zero.  For  smaller  values  of  (//s  tho  slope  will  have  a  measur¬ 
able  magnitude.  For  fairly  largo  <¥$  (>  )  the  integrand  vri.ll  bo  es- 

senticlly  exp  (~  ffyk'  vrhich  rapidly  approaches  zero  as  an  asymptote. 

Thus  it  can  be  seen  that  increasing  iri.ll  not  materially  affect  tho 


integral  and  hence  the  depth  of  tho  channel 


4. 


The  nienor.er.or.  of  Recombine  tion  ir.  Semiconductors 
The  phenomenon  of  re combine tic n  of  electrons  and  holes  in  semi¬ 
conductors  has  been  observed,  largely  in  connection  w/ith  photoconduction 
processes.  In  snch  a  process,  hole-electron  pairs  are  generated  by  ab¬ 
sorption  of  energy  from  light  incident  upon  a  semiconductor.  With,  an 
external  electric  field  applied  these  carriers  constitute  a  drift  current 
which  is  observed  to  decay  exponentially  with  distance  from  the  incident 
light  source.  Such  decay  can  only  be  explained  by  a  reduction  in  the 
number  of  charge  carriers  and  has  been  described  as  a  recombination  of  the 
light  generated  hole-electron  pairs.  This  is  a  random  process  which  is 
best  described  statistically.  The  most  widely  accepted  model  for  recom¬ 
bination  processes  was  described  by  W.  Shockley  and  W.T.  Read,  Jr./lO/ 
Their  model  was  concerned  with  the  recombination  rate  in  a  bulk  material 
with  no  p-n  junctions.  This  model  van  used  by  C.T.  Sah,  R.IT.  Poyce  and 
W.  Shockley  to  describe  the  same  r.cn-sa tunable  lealsage  current  and  lot: 
forward  current  characteristics  in  silicon  p-n  junctions  as  vrere  explained 
with  channel  considerations  by  Cutler  and  Bath. 

Re  combination  may  be  described  as  either  one  or  two  step  processes. 
The  one  step  process  is  a  direct  encounter  of  an  electron  by  a  hole  ’which 
results  in  the  remove 1  of  both  from  the  conduction  process.  Essentially 
the  electron  has  made  a  transition  from  the  conduction  band  to  fill  a 
vacancy  in  the  valance  bond  structure.  This  process  is  unlikely  since 
the  electron  must  make  an  energy-losing  collision  with  some  other  parti¬ 
cle  at  the  precise  point  in  time  and  space  whore  the  hole  is  located. 

Since  the  hole  is  also  moving  through  the  crystal  this  is  tantamount  to 
a  man  throwing  one  baseball  randomly  into  the  air  and  another  to  o  batter. 
If  the  second  baseball  makes  a  collision  with  the  bat  and  subsequently 
hits  the  first  ball  you  have  described  a  direct  collision  of  an  electron 
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an  a  ho  3.0, 

The  two  ntep  'process  involves  an  intermediate  "trapping"  of  either 
the  electron  or  the  hole  in  c  localised  volume  in  space.  Since  its 
probability  of  being  at  c  given  point  in  space  is  rot;  greater,  the  prob¬ 
ability  of  being  encountered  or  hit  by  another  particle  is  greater.  The 
effect  of  traps  is  to  increase  the  rate  of  recombination  over  the  case 
where  no  traps  are  present. 

Any  localized  imperfection  in  the  crystal  may  act  as  a  trap.  An 
imperfection  in  the  crystal  may  take  the  form  of  a  vacancy  in  the  lattice, 
an  impurity  atom,  a  crystal  dislocation,  an  interstitial  atom,  or  a  grain 
boundary .  Since  the  surface  of  a  semiconductor  always  defines  a  crystal 
grain  boundary,  there  id.ll  always  be  a  certain  concentration  of  traps  at 
the  surface.  This  is  reflected  in  the  relative  importance  of  surface  re¬ 
combination  as  opposed  to  recombination  in  the  bulk  material.  The  pres¬ 
ence  of  a  crystal  imperfection  is  manifested  by  an  allowed  state  within 
the  forbidden  band  between  the  valence  and  conduction  bands.  The  poten¬ 
tial  level  of  this  allowed  state  is  dependent  upon  the  type  and  location 
of  the  imperfection.  Another  way  of  describing  a  trap  is  in  terms  of  a 
localized  electric  field  which  attracts  an  electron  or  hole  and  holds  it 
in  a  local  area  whose  radius  is  dependent  upon  the  strength  of  the  local 
field.  If  the  field  attracts  an  electron  very  strongly,  it  corresponds 
to  nearly  immobilizing  the  electron  which  makes  it  very  easy  for  a  hole 
to  subsequent3.y  capture  it.  The  corresponding  energy  level  of  the  trap 
would,  be  near  the  valence  band. 

Hie  rate  at  which  recombination  takes  place  describes  a  loss  of 
current.  The  fact  that  recombination  also  takes  place  in  channels  es¬ 
tablishes  an  inter-relation  between  the  two  phenomena  which  is  important 
to  the  description  of  transistor  action  in  the  tetrode.  The  following 


25 


analytical  do  scr 


t5.cn  will  parallel  Shockley  a nd  .  cca.C  /10/  and  Sat, 


l'loyco  and  Shockley  /ll/,  arriving  at  an  expression  given  by  Sah  for  the 
recombination  rate  as  a  function  of  the  electrostatic  potential  at  the 
surface  and  in  the  bulk.  Using  this  expression  we  nay  then  correlate 


the  reconbi nation  current  in  the  channel  with  the  depth  of  the  channel 
and  surface  potential.  This  should  allow  us  to  separate  the  effects  of 
surface  potential  upon  channel  depth  and  recombination  rate. 

Let  us  suppose  that  in  our  material  there  is  a  density  of  traps  lit. 
It  will  be  assumed  that  these  traps  all  have  the  same  energy  level.  This 
assumption  is  relatively  valid  for  a  well  purified  semiconductor  which 


has  been  doped  while  carefully  avoiding 


unwanted  impurities  and  careful 


crystal  growing  to  eliminate  lattice  vacancies  and  dislocations. 

A  trap  may  have  one  of  tiro  conditions :  it  may  be  occupied  by  an 
electron  or  not  occupied  by  an  electron.  It  is  to  be  remembered  that  a 
trap  is  simply  a  quantum  energy  state  or  "allowed,  energy"  for  an  electron. 
As  such  its  probability  of  being  occupied  by  an  electron  is  described  by 
the  Fermi-Dirac  statistics  in  exactly  the  same  manner  as  electrons  and 
holes.  If  a  trap  is  occupied  by  an  electron,  it  may  either  emit  that 
electron  to  the  conduction  band  or  capture  a  hole  from  the  valence  band, 
(The  electron  actually  rakes  a  second  transition  to  the  valence  band  to 
fill  a  vacant  bond.)  In  cither  case  the  end  result  is  that  the  trap  is 
empty.  If  a  trap  is  initially  empty,  it  may  capture  an  electron  from 
the  conduction  band  or  emit  a  hole  to  the  valence  band,  (in  the  latter 
case  a  valence  bond  is  broken  and  the  released  electron  is  trapped  rather 
than  going  to  the  conduction  band.)  The  end  result  in  either  case  is 
that  the  empty  state  is  filled  by  an  electron.  Obviously  the  density  of 
filled  traps  plus  the  density  of  empty  traps  is  equal  to  the  total  density 
of  traps.  Thus  the  probability  that  a  trap  is  full  plus  the  probability 
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fillet  it  given 


Jto  *ro  .ljj.; 


.-Oi-re.  .  -cor on  cl  ~e  is  . 


by  the  .'er'  i- 


f(E)  = 


i  +  e"',1/|r 


where  1  is  the  energy  of  the  cLete  are  ?,  1*noTm  as  the  7emi  level,  is 
the  energy  --  a  stete  "hieh  'o.'f.e  lie. ve  an  equal  probe bility  of  being 


filled  or  err- 


3i..icc  r.T  is  of  the  or*,  er  of  4  x  10“^  electron  volts 

(£  •  p  )  /jfzT 

e  is  usually  nnch  longer  than  1  and  f  (S)  can  he  r.pprcrirae  ted 


with  almost  no  error  by: 

fft1=  eft‘t5/iT 


Since  II  =  *"^^’rhere  if/  is  potential  (or  voltage): 

•f(£)=  -  ^(r-W/Ar 

The  probability  of  a  state  being  empty  is  of  course: 

n  ,  pft-n/M 

VE)  =  l_  ^(e)  =  1 '  r+  =  7+  efE-WT 

This  can  also  be  written  as: 

P  ,  ,  r..  fi-O/Jr 

tie)  r  he)  e  - 


The  probability  that  a  trap  is  full  r.rust  then  be  given  by: 

t  •'  ' V(>  =  ef,rC,!/iT  and  enpty  by 

ft r  a  f. ; )  !■•  4 

where  S-^  is  the  energy  level  of  the  trap  and  F-^  is  the  Fermi  level  for 
the  traps,  Fc  also  define  ?rj  and  F-o  as  being  the  Fermi  levels  for  elec¬ 
trons  and  holes  respectively.  Under  conditions  of  thermal  oquilibrim 
(no  applied  biases)  all  of  these  Fermi  levels  coincide.  !  oveverq  when 
the  concentrations  of  carriers  arc  rot  at  their  ecguilibrjun  values,  the 
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amount  by  •hich  tiie'i  bffor  in  reflected  in  a  change  in  Fermi  level. 

Cur  objective  is  to  determine  the  rate  of  recombination  of  elec¬ 
trons  a rd  holes.  In  order  to  do  this  we  shall  determine  the  rate  at 
which  electrons  ore  being  tro  pped  by  the  empty  traps  and  the  rate  at 
which  full  traps  are  emitting  their  electrons  to  the  conduction  band. 

The  difference  will  be  the  net  electron  capture  rate.  Similarly,  the 
rate  of  hole  capture  and  emission  will  be  found  in  order  to  determine 
the  net  hole  capture  rate.  At  steady-state  (but  not  equilibrium)  con¬ 
ditions,  the  net  hole  capture  rate  and  net  electron  capture  rate  must 
be  equal.  That  is,  the  rate  of  filling  empty  traps  must  equal  the  rate 
of  emptying  filled  traps.  This,  their,  is  the  rate  at  which  carriers  are 
being  removed  from  the  conduction  process  and  is  the  rate  of  recombination. 
For  every  hole-electron  pair  which  recombines,  one  electron  must  flow  in 
tiie  external  circuit  as  compensation.  This  constitutes  a  recombination 
current.  We  will  have  more  to  say  about  this  later.  The  energy  which  is 
given  up  when  an  electron  and  a  hole  recombine  is  converted  to  lattice 
vibrational  energy.  This  must  be  considered  as  part  of  the  total  power 
dissipation  of  the  tetrode,  bore  will  be  said  about  this  in  Section  9 
when  behavior  of  the  tetrode  will  be  discussed. 

The  rate  at  which  electrons  are  captured  is  dependent  uponj  (l)  the 
number  of  electrons  available  in  the  conduction  band  for  capture;  (2)  the 
number  of  traps  which  are  empty  and  hence  capable  of  trapping  an  electron; 
and  (3)  the  probability  per  unit  time  that  an  electron  with  a  given  energy 
i.’ili  be  trapped  by  an  empty  trap  at  a  given  energy.  The  product  of  these 
factors  yields  the  rate  of  electron  capture.  Analogously,  the  rate  of 
electron  emission  from  full  traps  to  the  conduction  band  is  given  by  the 
product  of  (l)  the  number  of  empty  states  in  the  conduction  band  ns  a 
function  of  energy;  (2)  the  number  of  full  traps  (henco  capable  of  emitting 
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an  electron);  and  (3)  the  probability  per  unit  tir,ic  of  a  full  trap 
emitting  an  electron  to  a  riven  energy  level  in  the  conduction  band. 

The  number  of  electrons  available  in  the  conduction  band,  n,  ie 
given  by  the  product  of  the  number  of  states  and  the  probability  of  that 
state  being  occupied  integrated  over  the  conduction  band.  For  a  non- 
degenerate*  semiconductor,  the  effective  density  of  states  in  the  con¬ 
duction  band  acts  like  a  number  of  states,  ITC,  all  concentrated  at  the 
bottom  of  the  conduction  band.  Hence  the  electron  density  integral  de¬ 
generates  to : 


(s) 


n  =  J  N(E)-f(E)dE  =  Nc-TUc)  -  He  e*  Et^r 

Nfe)  ~  (  Oy 

E=EC 

The  number  of  traps  which  arc  empty  is  given  by  the  product  of  the 
density  of  traps  and  the  probability  of  a  trap  being  empty  integrated 
over  all  energies.  It  has  been  assumed  that  a  density  of  traps,  Ng,  is 
concentrated  at  the  single  energy  Eg.  The  integral  degenerates  as  in 


(5)  above: 

Yipt  =J*  Ht  fpt(e)  =  ritfptCEt)  -  Ht-ft  ^ 


(*-f*)At 


The  probability  per  unit  time  that  an  electron  with  a  given  energy 
will  be  'trapped  is  given  by  the  product  of  the  thermal  velocity  of  the 
electron  and  the  capture  cross  section.  This  is  a  constant  with  respect 
to  energy  for  a  non-degenerate  semiconductor  since  all  of  the  conduction 
band  electrons  are  effectively  at  Ec.  This  factor  shall  be  celled  c  . 


*A  no n-degc nera te  semiconductor  is  one  which  is  sufficiently  pure 
that  the  electrons  in  the  conduction  bard  are  essentially  at  the  lowest 
end  of  the  band.  This  implies  that  the  density  is  still  a  function  of 
temperature.  If  the  density  of  electrons  becomes  too  high  the  concen¬ 
tration  loses  its  temperature  dependence  and  the  semiconductor  takes  on 
the  properties  of  a  metal.  This  latter  condition  is  known  as  a  degeneracy. 
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Using  these  results,  the  rate  of  electron  ceuture  is: 


ft  Vlp-fc  -  Nc  Nffpt  (E-t)  C., 


(t>) 


Considering  the  rate  of  emission  in  an  analogous  manner,  the  number 
of  empty  states  it:  the  conduction  band  is  Fc~n  which  is: 

Nc-n  -  M€  fp  r,cj  -  M,  f (Ee)  e(tc  fw)^T 

Tiie  number  of  full  traps  is  s 

A-f.  ~  M*  t) 

and  the  corresponding  probability  of  emission  per  unit  tine  is  6*,® 

These  factors  give  the  rate  of  electron  emission  to  the  conduction  band 


as: 


(W-  n)  n±  e-n  =  Nc-fp(rJ  MtftfoJe 


(?) 


The  net  rote  of  electron  capture  is  found  by  differencing  (6)  end  (7). 

Uc*.  s  Mc-P  (e&)  Mt  IV^  (E-t)  c-a  ■”  Isle  Ip  (&t)  M-t  It  f£t  )&<a. 

=  Me  Mt  [•fft.rfrt  CrU  -  ff  (fc)-fe C£t)  f*j 

If  the  thermal  equilibrium  argument  is  invoked,  the  rate  of  emission  and 
the  rate  of  capture  must  be  equal  and  Fi  -  Fn.  Under  this  condition 


UCn  =  0  which  means : 


fe)  = 

f  Or jfife) f  »  4* (U ) 


e:  (S) 

Since  E-^,  is  always  less  than  Ec,  the  rate  at  which  electrons  are  emitted 
from  the  traps  to  the  conduction  band  under  equilibrium  conditions  is 
always  less  than  the  rate  at  which  electrons  are  falling  into  the  traps 
fro:-  th~  conducticr  band.  This  should  not  be  construed  to  mean  that  the 


traps  can  never  be  emptying  as  fast  as  they  are  filling  since  we  have 
not  yet  considered  the  other  means  of  emptying  traps:  hole  capture. 
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arpA tiding  this  expression  and  isolating  the  exponential  part: 


It  id.ll  be  found  convenient  to  express  the  electron  emission  term  in 


istics  of  an  electron  distribution  with  the  Fermi  level  at  E^.  Designate 
this  by 


The  term  Cn  -  lit  cn  expresses  the  number  of  electrons  per  unit  time  which 
would  be  captured  if  all  of  the  traps  were  empty.  The  reader  should  not 


try  to  attach  meaning  to  the  individual  terms  in  the  emission  rate  term 


of  (10).  The  physical  meanings  have  been  distorted  by  the  mathematical 
manipulation.  The  only  significant  thing  to  remember  is  that  nj  describes 


mathematically  an  electron  concentration  analogous  to  n  but  with  the  Fermi 


level  at  Et.  This  will  be  found  useful. 

Turning  now  to  the  net  capture  rate  for  holes,  the  same  procedure 
may  be  followed  in  obtaining  Ucp.  The  rate  of  hole  capture  is  the  pro¬ 
duct  of  hole  density,  filled  traps  and  a  capture  rate  term,  Cp.  The  rate 
of  hole  emission  is  the  product  of  the  number  of  filled  holes  in  the 
valence  band,  iV~P,  empty  traps  and  an  emission  rate  term.  The  net  hole 
capture  rate  is: 
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Usp  -»  t'h-  c  1  A  fit)  *  ■TCev)  pt  fit)  ^ 

a  /  f&tr'tiJ/fer 

Bqviilibriun  arguments  de  Germane  ~f/Cp  to  be  5  ,  If  is 


defined  as 

,  m  J^'^Vkr 

pt  s  Wvc  then  (ft) 

^cp  "  f  t*  {fct t  Op  ’*’  -’pt  4pt  C £"t)  Cp  (fk.) 

where  Gp  is  defined  as  I’+cp  analogously  to  Grle 

If  steady  state  conditions  are  assumed,  the  net  rates  of  hole  and 
electron  capture  are  equal  and  this  rate  becomes  the  recombination  rate. 
Equating  UCt>  and  Ucn  and  solving  the  equation  first  for  fp-^  and  then  for 


f A  (E-t) ~-f>5  ^pt  (E-t ){pav i A*  (E-t) Cy\  -  yi,  A  f£e)  Cr> 

•ft  1“  A  ““ft  Cp  =  n  tpt  (Et)Cr,  fep)}  C-*. 

{pi -  4*  C«?  -f  la.  Cn 


The  substitution  of  fp^  -  l-f^  yields: 


A  -  lA  Cvt  -f  f ,  Co 

A  &*Pi)  +  C>(r+Yt|) 

When  these  expressions  are  substituted  back  into  (10 )  or  (12)  it  is 
found  that: 


U  "  C  Y<  4»  l  Cip.  "*  f  f  f  CaCp 

Cf  )  +  Cw  (-*  +  *») 

= _ £&=£&• _ _  fa) 

fatfi)/cA  +  fn+*w4 

If  and  Cn,  which  have  the  dimensions  of  reciprocal  seconds,  are  de¬ 
fined  as  the  lifetimes  of  holes  in  highly  n-type  material  and  electrons 
in  highly  p--type  material  respectively, 

?>*  VCf  5  %eS  >/Cr, 


— _ _ _ 

{f>+f  |)  +  (y\<r'fu)  fp® 


then 


In  the  argument  su  I.*,  equilibria’  corcutL  :>ns  have  not  been  invoked 
except  to  evaluate  constants.  The  expression  for  rc combination  rate  (13) 
is  valid  for  steady  state  non-equilibrium  conditions.  If  the  product 
pj_.  2  is  evaluated  using  (9)  and  (.11)  it  is  found  to  he 
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Nc  Q  ^  W chl^r©  ~ 


-  Nv  6 

It  is  no v  convenient  to  recall  that  the  ficticious  carrier  concen¬ 
trations  were  described  in  the  sene  nanner  as  the  true  carrier  concentra¬ 
tions.  Also  recall  that  the  carrier  concentrations  can  be  expressed  in 
terns  of  an  intrinsic  energy  level,  an  intrinsic  concentration  and  the 
f ermi  level.  The  reference  fer  energy'  has  been  established  as  the  Fermi 
level  so  the  usual  method  of  expressing  variation  of  carrier  concentra¬ 
tions  in  terms  of  quasi  Ferrai  levels  for  electrons  and  holes  will  not  be 
used.  Instead  these  variations  trill  bo  expressed  in  terms  of  the  variable 
The  Fermi  level  for  holes  in  the  p-type  bulk  trill  be  established  as 
the  reference.  The  same  approach  may  be  used  for  n-j_  and  pq. 

:nie^r  ’ 
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These  quantities  substituted  in  (.14)  give  an  expression  for  recombination 
of  the  form  derived  by  >Sah  and  Shockleys 


U-  - 
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This  expression  now  gives  the  rate  of  recombination  of  electrons  and 
holes  in  the  channel  and  the  junction  transition  region  as  a  function  of 
the  intrinsic  Fermi  level.  This  expression  may  be  used  to  determine  the 
current  in  the  channel  and  the  transition  region.  A  correlation  of  this 
result  with  the  depth  of  the  channel  should  reveal  the  connection  if  any 
be tween  channel  current  and  depth  of  channel. 
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5.  Effect  of  Channel  end  Recombination  on  Transistor  Action 

In  sections  3  and  4  the  models  for  channel  and  recombination  were 
developed  and  their  dependence  on  the  surface  potential  ins  given.  How 
it  is  necessary  to  describe  what  effect  these  two  phenomena  have  on  the 
device  as  a  transistor. 

Consider  a  transistor  biased  in  the  usual  manner.  The  emitter-base 
junction  is  forward  biased  and  the  collector-base  junction  is  reverse 
biased.  For  an  n-p-n  transistor,  electrons  are  the  minority  carriers 
in  the  base  and  mice  up  most  of  the  current  which  flows.  Holes  from  the 
base  constitute  a  small  fraction  of  the  total  however.  The  ratio  of 
electron  current  to  total  current  in  the  emitter  base  junction  is  given 
by  the  emitter  efficiency.  For  a  given  junction  voltage,  a  total  current 
given  by  the  usual  diode  equation  will  flow. 

How  apply  a  potential  to  the  grid  of  the  tetrode  sufficient  to 
create  a  channel  such  as  described  in  section  3.  Electrons  will  flow 
from  the  emitter  into  the  channel.  However  this  in  itself  would  not  bo 
any  cause  for  concern  for  it  does  not  constitute  a  current  in  the  steady 
state  sense.  The  electrons  have  not  crossed  a  junction  into  the  base 
because  the  junction  effectively  lies  between  the  channel  and  the  base. 
But  recombination  of  an  electron  and  a  hole  will  occur  in  the  channel  at 
a  rate  depending  on  the  surface  potential  and  given  by  equation  (15)  of 
section  4.  This  is  at  the  heart  of  the  tetrode’s  functioning.  For  every 
electron-hole  recombination,  an  electron  must  flow  into  the  channel  from 
the  emitter  and  a  hole  must  enter  the  channel  from  the  base  to  restore 
the  channel  to  its  former  state.  This  is  again  determined  by  the  surface 
potential  as  ms  shown  in  section  3  by  equation  (5).  The  electron  which 
cones  from  the  emitter  does  not  cross  a  junction  and  hence  does  not  con¬ 
stitute  current  in  the  sense  of  the  diode  equation.  However  the  hole 


coning  fron  the  base  does  cross  the  junction  and  hence  does  carry  current. 
The  number  of  recombinations  which  takes  place  depends  upon  the  charnel 
volume  end  the  rate  per  unit  volume  at  which  these  recombinations  ore 
taking  place.  As  was  shorn  in  section  3,  the  size  of  the  channel  becomes 
nearly  a  constant  very  quickly  so  the  major  effect  is  that  of  the  changing 
recombination  rate  with  changing  surface  potential. 

It  ms  previously  stated  that  the  ratio  of  electron  cement  to  total 
current  was  the  emitter  efficiency.  The  total  current  is  fixed  by  the 


junction  voltage.  Thus  for  every  hole  which  crosses  the  junction  into 
the  channel,  one  less  electron  crosses  the  emitter  junction  into  the  base 
where  it  subsequently  diffuses  to  the  collector  and  becomes  collector 
current.  It  is  fairly  apparent  that  the  more  holes  which  flow  into  the 
channel,  the  fewer  electrons  will  flow  into  the  base  and  from  there  to 
the  collector.  Indeed  it  is  possible  for  the  entire  current  required  by 
the  diode  equation  to  be  made  up  of  holes  flowing  into  the  channel  thus 
reducing  electron  current  (and  thereby  collector  current)  to  zero.  This 
can  also  be  described  in  terms  of  the  emitter  efficiency  being  reduced  to 
zero. 


The  current  transfer  ratio,  e<,  is  the  ratio  of  current  crossing  the 
emitter-base  junction  to  the  current  crossing  the  collector  base  junction. 
It  is  usually  considered  to  be  made  up  of  three  factors;  (l) V,  the 
emitter  efficiency;  (2)  |3 ,  the  transport  factor;  and  (3)^,  the  collector 
multiplication  factor,  j<  is  normally  unity  for  the  usual'  transistor  bias 
conditions.  p  describes  the  number  of  minority  carriers  which  cress  the 
emitter-base  junction  and  the  collector-ba.se  junction.  It  is  a  measure 
of  the  minority  carrier  recombination  in  the  base  bulk,  I'odern  technol¬ 
ogy  has  made  this  factor  nearly  unity  also.  This  leaves  0^  as  being  fer 
the  most  pert  dependent  on  ,  In  modern  transistors  this  is  almost 


36 


unity  also  which  accounts  for  the  very  high  values  oi'©<  encountered.  It 
is  true  that: 


ft  -  _c<. 

r 


where  ^  is  now  the  common  emitter  current  transfer 


ratio,  not  the  transport  factor.  It  can  be  seen  that  as  recombination  in 
the  channel  degrades  the  emitter  efficiency,  ©<.  is  reduced  and  conse¬ 
quently  ^  is  reduced  quite  rapidly.  This  will  be  seen  to  be  the  case 
in  section  7  where  experimental  curves  show  the  effect  of  grid  voltage 


on 
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there 


Hybrid  Hciv  tiers  cr.<.  Ib.  rent  tors 

The  tetrode  is  r  four  terminal  device  her.ee,  relative  to  one  of 
terminals,  it  nay  be  described  in  terms  of  the  current  and  volt¬ 


age  at  each  of  the  reraining  three  terminals.  A  sinple  extension  of 
the  hybrid  equations  for  a  transistor  adequately  describes  the  tetrode. 
In  terms  of  the  notation  of  figure  6,  the  hybrid  equations  are: 

V1  “  hllTl  4  h3  2v2  4  h13v3 


Xp  ***  -tj  4s  hpry^lp  4* 

t3  =  ^l1!  4  h32v2  +  h33v3 

The  defining  expressions  for  the  h-parancters  are  the  sane  as  for  the 
conventioml  transistor  parameters.  Fote  that  h^j,  hjpj  hgi  and  hpo  are 
virtually  the  sane  parameters  as  in  the-  transistor  case,  the  only  differ¬ 
ence  being  that  it  is  also  necessary  to  specify  the  short  circuited  con¬ 
dition  of  the  grid  (terminal  3).  The  equivalent  circuit  for  the  tetrode 
dll  be  developed  from  a  physical  interpretation  of  the  parameters,  Hie 
common  emitter  configuration  trill  be  used. 

The  voltage  at  the  base  terminal  is  made  up  of  three  terms  reflecting 
the  conditions  of  the  base,  grid  and  collector. 

is  the  familiar  expression  for  the  base  input, 
impedance  and  is  described  with  the  collector 


end  grid  short  circuited. 


is  a  voltage  feedback  ratio  reflecting  the 


effect  of  collector  voltage  on  base  voltage. 
The  base  is  open  and  the  grid  short-circuited.  This  parameter  ie  mani¬ 
fested  in  the  equivalent  circuit  by  a  voltage  controlled  voltage  source. 

is  also  a  voltage  feedback  ratio  reflecting 

I'Vf'O 


the  effect  of  grid  voltage  on  base  drive. 
The  base  is  open  and  the  collector  short-circuited.  This  parameter  is 


Or* 
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Fig,  6  Tetrode  symbol  and  cur  r c nt-vo  1  ta g e  conventions 


Fig,  7  Tetrode  linear  equivalent  circuit 
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c Iso  roparc sc; it  by  <.  •».  ic.  3  controller  volume  source. 

The  thrc-c  ccx"  .s  cc  1  :i. •••-  in  series  to  for *.  branch  1  of  figure  ?. 

The  co- lector  current  is  to  be  node  up  of  three  terms  which  will  odd  in 
parallel  'to  form  branch  two, 

is  the  forward  base -collector  short  circuit 
current  transfer  ratio.  It  is  defined  with 
the  collector  and  grid  short-circuited .  In  the  equivalent  circuit  it 
is  represented  by  a  current  controlled  current  generator. 

is  the  collector  admittance  since  it  has  the 
dimensions  of  mhos.  The  base  is  open  and  the 
grid  short-circuited  for  this  measurement. 

is  perhaps  the  most  significant  parameter  of 
the  tetrode.  It  describes  the  effect  upon 
collector  current  caused  by  a  potential  impressed  upon  the  high  impedance 
grid.  It  has  the  dimensions  of  a  conductance  and  describes  the  grid-to~ 
collector  transfer  effect.  Hence  it  is  the  grid-collector  transconduc¬ 
tance,  entirely  analogous  to  a  vacuum  tube  grid-plate  transconductance. 

It  is  defined  with  the  base  open  and  the  collector  short-circuited.  In 
the  equivalent  circuit  it  is  sho’V  as  a  voltage  controlled  current  source. 
The  third  branch  of  the  hybrid  equivalent  circuit  is  also  descrip¬ 
tive  of  a  current  and  so  will  be  made  up  of  equivalent  shunt  elements. 

It  describes  the  components  of  grid  current. 

is  a  base-grid  current  transfer  ratio  of  the 
same  type  as  hpj.  However,  it  describes  a 
feedback  factor  rather  than  a  forward  transfer  ratio.  It  takes  the  form 
of  a  current  controlled  current  generator  in  the  equivalent  circuit. 

is  another  feedback  conductance  giving  the 
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effect  of  collector  voltage  on  grid  current. 
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It  takes  the  for  of  .  cn 
e  c  ui  ve  j.cr  t  c 4.  r  c*ui  ^ * 


ccT'orolied  current  -enerator  in  the 


$5 


is  the  grid  input  admittance.  It  should  con¬ 
sist  of  a  pure  capacity  for  all  intents  and 


purposes  since  the  conductance  is  very  nearly  zero  through  the  grid  oxide 
layer . 


This  then  describes  the  tetrode 


in  terns  of  measurable  parameters 


provided  the  driving  signal  is  small.  It  remains  to  describe  these  para¬ 
meters  and  their  variations  o.dth  bias  conditions.  The  behavior  of  the 
tetrode  as  a  transducer  will  then  be  predictable  for  circuit  applications. 
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blier  thinking  about  th  parmeters  r-rd  their  vrz’iations,  it  is  *ell 
to  keep  ir.  nind  that  the  demise  is  ""-able  of  eitl.  er  a  current  node  or 
volte,  re  node  of  opera  tier  as  a  function  of  the  grid  bios  voltaic,  7oi 
positive  grid  vejta ~es  the  tetrode  operates  best  ir.  the  volte. go  node 
i.rith  a  signal  applied  to  t’;  ~  grid.  ’.Jixh  grid  bios  negative,  the  curron*. 
node  ’dth  a  aigrel  a’-elied  to  the  x se  is  best.  The  reason  for  this  vili 
bccor.e  obvious  as  the  parameters:  ere  discus  sod. 

TV.  3!>icn:  .l'  'C?  31IC^?-Crn‘’TT  ;TW£JU  lI^riT  T  rVd.'OZIt  ?..7IC  :  Lore  con- 
no  nly  hnovTi  as  the  cc.r.cn  •■'T.'ittcr  -c  b.,v:. ,  this  xra  car  is  the  don_- 
runt  factor  in  deter  lining  va liable  transducer  current  pain  *'hcn  t*  c 
grid  bins  is  negative,  the  vc^iatiov  of  beta  as  a  function  of  1/rr,  con¬ 
ditions  is  shorn  in  figures  2,  and  10.  figure  C  sheds  beta  for  severs 
values  of  collector  custci  t  as  <  fu.ncoio  >  of  grid  bias,  for  a  grid  *,  jer 
nore  then  a  few  volts  ncgael -e,  beta  b’-cc. :«s  coistant  rith  respect  to 
grid  bias.  The  tetrode  loses  the  griu  as  a  useful  teruiral  arc!  takes  on 
the  cvr  rn c-teris tics  of  a  normal  transistor.  The  c:cl.< ra. tion  is  fount*  in 
figure  5 , 

...enuring  that  there  Lae  been  a  cha  unci  xOTr:/'u  as  ir;  figure  >1,  J.: 
effect  of  a  ugative  grid  voltage  is  us  raise  the  energg  levels  in  the 
p-regic  a  r  t,  th.e  surface  thus  reducing  the  olura.cl  or  inversion  layer 


Pig-.  C  Connor,  emitter  current  transfer  ratio  as  a  function  of  Vge 
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electron  corcti.  bratxon,  Applying  a  still  more  negative  voltage  will 
restore  the  ccnditioi s  of  figure  5b  rrd  eventually  bend  the  levels  up¬ 
ward  xv; til  the  junction  at  the  surface  is  less  biased  than  the  bulk. 

The  point  of  maximum  recombination  \ dll  shif  t  further  out  of  the  junction 
until  further  increases  in  grid  voltage  do  not  significantly  change  the 
rate  of  recombination  in  the  junction.  This  accounts  for  the  leveling 
off  of  beta,  wdth  gric  voltage  well  negative, 

When  the  grid  voltage  is  made  positive  a  channel  is  formed  under 
the  grid  as  shown  in  figure  5d  and  a  region  of  high  recombination  is 
formed.  The  recombination  in  this  region  reduces  the  number  of  minority 
carriers  which  arrive  at  the  collector.  Since  both  the  rate  of  recombi¬ 
nation  in  the  channel  and  the  carrier  concentration  in  the  channel  are 
functions  of  the  emitter-base  junction  voltage,  a  time  varying  junction 
voltage  causes  a  time  varying  recombination  current  which  swings  about 


the  recombination  current  determined  by  the  DC  grid  bias.  This  is  equiv¬ 
alent  'to  a  loss  of  signal  in  the  form  of  signal  component  of  recombina¬ 
tion,  Thus,  as  grid  voltage  is  made  positive,  both  the  a-c  and  the  d-c 
beta  are  reduced.  The  terminal  value  of  beta  for  large  positive  grid 
voltage  is,  of  course,  zero  since  it  is  possible  to  cut  the  collector 
off  by  moans  cf  the  grid  voltage. 

The  anomalous  bump  in  the  curves  of  figure  3  in  the  vicinity  of 
VGE  -  0  appear  to  coincide  with  the  onset  of  channel  and  the  almost  im¬ 
mediate  saturation  of  the  depth  cf  the  channel. 


Figure  9  displays  the  variation  of  beta  as  a  function  of  collector 
current.  It  is  typical  cf  transistors  to  have  an  increasing  beta  vs. 
collector  current  characteristic,  however  it  is  a  montonic  function. 

The  curves  of  figure  9  have  an  anomalous  low  current  behavior,  the  cause 
of  which  is  not  clear.  In  figure  9  the  collector  current  was  maintained 
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ct  c  cc i'5i».  «  '/c. lc  -.’arviiv  “ht,  b-sc  Mas,  L  figure  10  the  base  mas 
set  ct  a  fired  -voltage  and  the  grid  volt- ~e  alone  at  s  varied.  The  col¬ 
lector  currer  l  cue  base  eurreirl  -.'ere  alio- fed  to  float.  In  this  instance 
beta  exhibited  not  only  the  ckr re cteristics  of  figure  9  but  also  the 
pealcing  sho;.r.  in  figure  10  prior  to  being  cut  off  by  positive  grid  volt¬ 
age.  These  characteristics  are  obviously  associated  with  the  onset  of 
channel  and.  the  characteristics  of  the  channel.  But  it  is  not  explain¬ 
able  in  terns  of  the  simple  model  being  used  here.  The  polarity  of  beta 
is  such  as  to  give  a  100°  phase  shift  and  so  is  positive  according 
to  the  convention  cf  figure  7„ 

GRID-COLLECTOR  TfJAbSGCl'DUCT&UCEj  The  characteristic  which  sets  the  tet¬ 


rode  apart  from  the  present  family  of  transistors  is  that,  like  vacuum 
tube  small  signal  amplifiers,  it  draws  no  power  from  the  signal  source. 
This  is  brought  about  by  the  insulation  of  the  surface  of  the  emitter- 
base  diode  by  the  silicon  dioxide  grid  and  the  effect  on  collector  cur¬ 
rent  of  an  electrostatic  field  imposed  on  this  oxide  layer.  In  terms  of 
equivalent  circuits  this  is  s  voltage  controlled  current  source  in  the 
collector  and  describes  a  transfer  characteristic  or  transconductar.ee. 
Figures  11  and  12  show  the  variation  of  the  grid  transconductance. 

Figure  12  plots  transconductance  as  a  function  of  collector  current. 
From  zero  at  collector  cutoff,  the  transconductance  increases  mono-ton- 
ically  with  increasing  collector  current.  When  collector  current  in¬ 
creases,  it  is  the  result  of  an  increased  bias  on  the  emitter-base 
junction.  An  increased  bias  as  we  have  seen  changes  the  character  of 
the  channel  and  the  rate  of  recombine. tion  in  the  channel.  Specifically, 
the  position  of  the  point  of  maximum  recombination  shifts  within  the 
channel.  Since  carrier  concentration,  conductivity  and  recombination 
rate  are  all  functions  the  surface  potential  (and  hence  base  bias)  the 
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as  2.  function  of  grid  voltage 

/\xj 


Fig.  11  Grid  transconductance 
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total  recombination  current  changes,  as  veil  as  the  slope  of  the  recom¬ 
bination  current  vs.  potential  characteristic.  Since  the  slope  of  this 
characteristic  determines  the  change  in  collector  current  for  a  change 
in  grid  voltage,  in  effect  it  determines  the  transconductancc  of  the 
grid. 

The  change  in  tra  ns  conductance  with  grid  voltage  is  given  in  figure 
12.  Here  it  is  noticed  that  the  antithesis  of  the  beta  characteristic 
takes  place.  For  a  negative  grid  voltage  the  channel  is  eliminated  en¬ 
tirely  and  a  time  varying  small  signal  on  the  grid  will  produce  no  change 
in  collector  current.  The  tra  ns  conductance  is  zero.  As  grid  bias  is  in¬ 
creased  from  a  large  negative  value  tomrd  positive  values,  a  channel 
forms  and  the  characteristic  recombination  current  begins  to  flow.  If 
a  time  varying  signal  is  superimposed  upon  the  grid  bias,  the  recombina¬ 
tion  current  will  bo  modulated  with  this  same  tine  variation.  If  the 
base  is  biased  from  a  d-c  source,  the  modulation  of  the  recombination 
current  will  appear  as  a  signal  in  the  collector  circuit.  The  transcon¬ 
ductance  incre  ses  rapidljr  and  then  levels  off,  indicating  that  the 
operating  point  is  on  the  broad,  fairly  straight  side  of  the  recombina¬ 
tion  rate  curve,  (it  is  the  slope  of  the  recombination  rate  curve  which 
predominantly  determines  the  trans conductance. )  In  terms  of  figu.ro  7, 
ggg  is  negative  since  there  is  no  signal  phase  shift  from  grid  to  collec¬ 
tor. 

As  in  Ihc  cc.se  of  beta,  an  anomalous  behavior  around  zero  volts  is 
observed.  However  there  are  twro  anomalies  instead  of  the  one  previously 
encountered.  There  are  several  plausible  explanations  which  involve  the 
levels  of  recombination  centers  (traps),  recombination  rate  vs.  surface 
potential  and  the  onset  of  channel  and  its  saturation  in  depth.  The 
real  explanation  is  probably  some  admixture  of  all  of  these  but  in  ary 
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event)  any  such  conclusion  vculd  not  be  supported  by  experimental  evi¬ 
dence  in  this  paper. 

The  transconductance  appears  to  reach  a  maximum  at  approximately 
five  volts  and  then  starts  a  slow  decline.  An  inflection  point  in  the 
recombination  current  characteristic  has  been  reached  and  the  slope  de¬ 
creases  as  the  recombination  current  tends  toward  a  maximum . 

It  is  interesting  to  compare  the  magnitude  of  tra ns conducts nee  of 
the  tetrode  with  some  typical  vacuum  tubes: 

12DS7  ....  15,000  ^imhos 
12DA8  .  .  .  .  15,000  umhos 
12DL3  ....  15,000  ^»mhos 
TETRODE  .  .  .  20,000  yanhos 

The  semiconductor  tetrode  compares  favorably  as  can  be  seen.  Its  obvious 
limitation  is  its  power  handling  capabilities  although  the  free  air  dissi¬ 
pation  of  0.8  watts  and  a  collector  breakdown  voltage  of  the  order  of  100 
volts  speaks  well  for  the  tetrode. 

GRID  ADMITTANCE,  yc :  Coupled  with  the  ability  to  control  collector  cur¬ 
rent  by  means  of  grid  voltage,  the  impedance  level  of  the  grid  is  a  not¬ 
able  characteristic  putting  the  tetrode  in  a  category  of  electron  devices 
which  includes  vacuum  tubes.  As  announced  by  Dr.  Sah,  the  input  admit¬ 
tance  was  that  of  a  very  low  loss  capacitor  of  the  order  of  80  pf.  There 
was  no  change  in  admittance  levels  noticeable  with  the  change  of  any  d-c 
bias  condition.  No  change  in  the  loss  coefficient  was  noticeable  from 
d-c  to  10  megacycles.  This  property  is,  of  course,  due  to  the  very  good 
insulating  properties  of  the  silicon  dioxide  layer  which  grows  during 
the  manufacturing  process.  Such  a  high  input  impedance  opens  areas  of 
circuit  applications  here-to-fore  held  to  be  the  sacred  domain  of  vacuum 
tubes.  Included  are  such  applications  as  operational  amplifiers,  PAN 
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PdlT  I  T.'X'  0£jZe-  Ir  the  cc. u .on-emitter  configuration,  the  base  input 
in pc da nee  is  usually  thought  of  as  being  made  up  of  two  resistors  in 
series.  The  first  is  fj,/  ,  the  ohmic  resistance  of  the  base  bulk  mate- 
rial  and  the  second  is  the  resistance  associated  with  the  active  junction 


In  the  Tee  equivalent  of  the  common  emitter  configuration  the  resistance 
of  the  active  junction  is  composed  of  that  portion  through  which  only  the 
base  current  flows  and  that  through  which  the  emitter  current  flows,  that 
is,  and  rE  respectively.  Since  it  is  always  true  that  I E  =  (,p  +  t'I«  , 
the  voltage  drop  IE  ft  which  is  common  to  both  the  base  and  the  emitter 
circuits  may  be  represented  in  the  base  circuit  «  (ft')l.li  ^  e.n  ccviv- 
alent  resistance  (p+ I )  times  as  large,  how  fj  is  the  resistance  of 
forward  biased  cmitter-ba.se  diode  and  nay  bo  expressed  as: 

-/.  26  , 

r  =  -7-7 — r  ohwj 


Neglecting  the  reactive  component  of  the  base  input  impedance  caused  by 
diffusion  capacitance,  the  expression  for  the  resistance  can  be  written 


as: 


=r  -  r  7  ,  II  + 


(p+i)rE 


{  ! 


I£  ( mo) 

This  expression  contains  within  itself  the  explanation  for  the  observed 
variation  of  2e  with  bias  conditions  shown  in  figures  13  and  14.  In 
figure  13  it  is  observed  that  for  low  current  the  base  impedance  is  sev¬ 
eral  thousand  ohms  but  drops  very  rapidly  to  a  saturation  level  for  cur¬ 
rents  abo,Tc  a  nilliamp.  Using  collector  current  as  an  approximation  to 
emitter  current,  it  is  seen  that  the  second  term  of  (l)  is  very  large 
for  very  low  current  but  drops  to  26  ohms  at  one  nilliamp.  This  is  the 
factor  which  causes  rapid  charges  in  resistance  with  collector  current. 
Notice  that  the  curves  for  negative  grid  voltage  do  not  drop  as  rapidly 
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Collector  cvzee*)T  (nr-of) 

Fig.  1:  Taco  resistance  as  a  frnctior  of  collector  current 
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ror  Co  ’Tt  -?  1o,\  “"vis  i«*  th  effect  cf  the  third  torn  of  (l) . 

It  r\'.y  >c  re co  12.ee  the  t  |3  is  very  high  for  nc30.t5.vo  grid  volte. 300  but 
is  virtually  zero  for  nooitive  gv If  volte.  ger .  Tl:c  third  tern  is  cla¬ 
rifier  nt  for  reactive  ~rid  volte,  res  r  re  for  trie  case  it  is  dominant 
’.'hoc  collector  cvrrort  is  r.hcve  ore  nilliarn.  As  the  grid  voltage 
st-dnfc  positive,  r.  c’  nrcl  is  formed  r nd  £  decree ses  drastically,  ap¬ 
proaching  sero  a s  grid  birr  is  increases .  then  this  happens,  beth  the 
second  end  third  terns  rre  negligible  and  only  f  ^  remains.  Tliat  this 
actually  occurs  is  sur^estoc.  by  the  nerging  of  the  curves  when  ^rid  volt¬ 
age  is  positive  in  figure  14. 

COLLFC TCR-hi 31  IhEDAICi:  PATIO:  The  collector-base  feedback  ratio  ir  the 
tetrode  is  analogous  to  the  sar.e  parameter  in  ordinary  transistors.  In 
the  common  emitter  configuration  this  internal  feedback  is  positive. 

The  cause  of  the  feedback  is  the  odulation  of  the  base  i-ridth  by  collec¬ 
tor  signal  voltage.  A  positive  change  in  collector  voltage  due  to  a  sig¬ 
nal  causes  the  colic c to:1  junction  to  spread  into  the  base.  This  causes 
an  increase  in  concentration  gradient  and.  hcr.ce  an  increase  in  emitter 
current.  Since  the  emitter  current  is  directly  related  to  the  base 
voltage  by  the  diode  er ration,  this  charge  causes  an  increase  ir.  forward 
bias  of  the  en.it tor-base  junction.  Tims  it  can  be  seen  ‘to  be  a  positive 
voltage  feedback  in  the  common  emitter  configuration.  This  is  also  true 
of  the  tetrode.  Figures  15  and  16  show  the  variation  of  collector-base 
feedback  ratio  as  functions  of  collector  current  and  grid  current  respec¬ 
tively. 

For  low  collector  currents  c:n.  negative  grid  voltages,  the  feedback 
is  relatively  large,  decreasing  rapidly  to  a  stable  value  at  medium  and 
high  currents.  This  is  cl .ara ctcristic  behavior  for  this  paraneter  in 
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Fig,  16  cuLMtr$&  re  a^sc  egg.® sack  ratio  as  a  PMcr/ott  &e  gzto  w&<LTA§i 


ordinary  trr r. s i s tor s which  reinforces  the  notion  that  the  tetrode  be¬ 
hoves  in  the  usual  transistor  manner  when  grid  voltage  is  negative . 
Cnee  collector  current  rets  above  about  10  roe.,  the  feed-each  ratio  is 
insensitive  to  either  grid  voltage  or  further  increases  in  collector 


current. 

Uhen  the  grid  voltage  becomes  positive  and  the  surface  channel  is 
formed,  the  feedback  ratio  drops  regardless  of  collector  current.  It 
can  be  seen  from  figure  16  that  for  grid  voltage  greater  than  tiro  volts, 
the  feedback  parameter  is  essentially  constant.  In  this  respect,  the 
surface  channel  acts  in  a  manner  analogous  to  a  surge  tank  in  a  fluid 
system.  As  the  change  of  collector  voltage  changes  the  concentration 
gradient  in  the  ba.se,  this  change  is  reflected  in  a  change  in  the  recom¬ 
bination  rate  in  the  channel  preferentially  to  a  change  in  bias  across 
the  emitter-base  diode  in  the  bulk.  In  essence  then,  the  change  in  col¬ 
lector  voltage  may  be  thought  of  as  causing  two  opposing  feedback  effects 
(l)  the  usual  internal  feedback  (positive)  and;  (?)  a  negative  feedback 
which  is  a  function  of  grid  voltage  (negative) . 

GRID-BASE  FEEDBACK  RATIO:  This  ratio  measures  the  effect  of  a  signal  on 
the  grid  in  the  base  circuit.  With  grid  voltage  negative  and  no  channel 
formed,  the  feedback  is  that  which  is  associated  vdth  the  capacity  of  the 
me ta 1-oxide- s eni co nduc tor  sandwich.  With  increasing  grid  voltage  the 
surface  channel  forms.  A  signal  applied  to  the  grid  modulates  the  re¬ 
combination  current  in  the  channel.  Since  this  current  reduces  the  cur¬ 
rent  crossing  the  emitter-base  junction,  it  is  reflected  as  a  reduced 
junction  voltage.  Since  a  positive  change  in  grid  voltage  decreases 
junction  voltage,  the  feedback  is  negative.  In  part,  this  feedback  nay 


*See,  for  instance,  GE  Transistor  Manual,  Fourth  Edition 
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r>:iu  '  ecus. 


here,  then  a  arc  two  logical  input 


torniin.Is  s  the  rj’ia  nv  the  be  icq  lw  one  logical  output  torr.iir.alj  the 
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verj  his  a  in*,  ui  inpeaaneo  and  its  cnslogg  -c-  vacuum  tubes  is  approprie  tip 
the  input  torr.iml  to  be  used  Ivrn  driving  fi  on  a  low  impedance  soure  , 

Cf  iaporte nee  then  is  tbo  impedance  of  the  'cse,  grid  and  collector 
terminals  and  the  test  to  collector  ana  grid  to  collector  rain  cquu  tic -ns. 
In  the  former  case  ire  are  interested  hi  a  current  gain  while  ii  t'>o  If  the 
a  voltage  gain. 

Referring  to  figure  id  the  current  -voltage  relationship  of  the  lx:  so 
re ;r  he  written  as: 


X  -  Jj  ig  +  pcy  Vz  t 

Since  the  base  input  impedance  is  the  ratio  of  Vj  to  I3, 

Z,u  £  |  h  y*ce  )k  */***]£ 

It  is  quite  apparent  that  the  impede noe  of  the  base  terminal  is  rot  inde¬ 
pendent  of  the  conditions  which  exist  at  the  grid  and  collector.  Assume 
that  there  is  a  source  of  bias  and  a  signal  power  in  tho  base  and  grid, 
each  with  an  associated  inpe dance,  and  a  load  impedance  in  the  collector 
current  as  stum  in  figure  1C.  from  this  equivalent  circuit  it  is  pos¬ 
sible  to  derive  an  022.  et  expression  for  the  input  impedance  to  the  base 
terminals  ir.  the  conic  n  emitter  configuration,  lie  derivation  of  this 
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the  numerator  of  the  last  part  of  the {»  in  expression  would  bo  very  snt-.ll 


gQQ  is  approximately  zero  for  negative  grid  voltage  so  the  donomimtor  of 
the  last  bracketed  expression  is  unity.  The  product  ygl^  is  nearly  sere 
since  yQ  is  essentially  zero  and  R q  is  the  impedance  of  a  cl-c  bias  source 
is  essentially  zero  for  this  case  as  is  shown  by  figure  17.  Ifer.ce 
for  the  case  of  largo  negative  grid  voltage,  /  t8<.  reduces  to  approxi - 
mately : 


^  ~  +  ff* l/ 5 


In  the  voltage  mode  with  large  positive  grid  voltage,  the  base 
would  be  operated  at  a-c  ground  and  the  base  input  impodance  is  of  no 
importance . 

The  grid  input  admittance  is  derived  in  Appendix  2  and  is  given  by : 


This  expression  is  useful  when  the  tetrode  is  being  used  iu  the  voltage, 
or  grid  input,  node.  For  this  condition  the  grid  bias  is  large  and 
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Although  this  expression  r«sy  be  simplified  for  the  two  nodes  of  opera  • 
tion,  the  essential  features  are  that  the  output  adnitt&noe  is  essential¬ 
ly  controlled  by  y^.  There  is  a  tom  which  is  dopor.de rt  both  on  t‘ ,  y *.,... 
nitude  of  pain  and  si  oral  size  in  both  modes  of  operation.  In  the  .,'ri.vn4 


node  Vc  end  are  essentially  zero  ir.  the  third  term.  R 


.  Vg 
Va 


essentially  unity;  £ec» ^  is  approximately  0.2  for  Ic  -  lOna  ana 

R'3  +  2j  is  of  the  order  of  lO**.  With  these  a  pT.xr02d.Tna  tions ,  Y  out  be  cones 

Vour  s  v 

In  the  voltage  node  p8t  and  Vg  are  appro;dnately  zero.  Since  nc  auE  or;  a 

tion  is  krovn  aVut  A Ra  no  further  sii. r,lif ication  can  bo  made  bey^ah 
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As  before,  yg  is  seen  to  set  the  gross  value  of  the  output  adnittar 
with  a  gain  dependent  tern  modifying  this  value. 
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The  voltage  mode  gain  expression  Is  given  by: 

-  R.  -  foc  (Rh  *  )  f?J  F  ft 


i  U 


and  is  derived  in  Appendix  4.  Large  positive  grid  voltages  drive 
to  almost  zero  which  immediately  simplifies  this  expression  to: 
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This  is  identical  to  the  vacuum  tube  expression  for  gain*  It  must  be 

remembered  that  there  is  no  phase  shift  through  the  tetrode  so  g  is 

Gu 

a  negative  number  according  to  the  completely  arbitrary  polarities  as 
signed  in  figure  (18). 

Current  gain  in  the  current  operated  mode  is  given  by: 


A;  - 


Bcfevf*+I )  +$«*<p6s 

(ft&y.i+Ofayc+t)-  <j66  ft  Rc, 


foe  (fa  y&*l)  jv 


Figure  11  shows  that  g  goes  to  zero  for  large  negative  grid  voltages. 

GC 

This  defines  the  current  mode  and  current  gain  simplifies  to: 


A;  = 

The  expressions  given  above  describe  the  tetrode  in  its  two  usual 
modes  of  operation  for  low  frequency*  small  signal  operating  conditions. 
They  should  provide  the  circuit  designer  with  an  insight  into  how  the 
tetrode  will  respond  for  a  given  circuit  application. 
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9.  Miscellaneous  I  To  too  and  Observe  tions 

The  tetrode  exhibited  t’ro  cliarc. ctcristics  which,  if  rot  kept  i 
mind,  might  destroy  the  device  or  nr event  a  circuit  from  operating 
properly.  The  first  of- these  is  the  effect  of  base  current  on  total 
power  dissipation  and  the  second  is  an  observed  bias  point  instability. 

The  tetrode  collector  current  may  be  cut  off  by  the  application  of 
a  sufficiently  high  positive  grid  voltage.  This  does  rot  mean,  however, 
that  base  and  emitter  current  is  net  flowing.  Indeed,  quite  a  large 
recombination  current  nay  be  flowing  in  the  channel.  This  can  be  sev¬ 
eral  hundred  nilliamperes  under  sene  conditions.  The  potential  differ¬ 
ence  through  which  this  current  flows  is  the  emitter  base  voltage.  The 
product  of  the  two  is  the  power  being  dissipated  as  a  result  of  recom¬ 
bination  and  this  appears  as  lattice  vibration  or  kinetic  energy  of  the 
crystal  atoms.  If  this  power  exceeds  the  dissipation  capability  of  the 
device,  destruction  will  result;  and  without  ever  having  drawn  any  powox 
at  all  from  the  collector  source.  Thus  it  becomes  apparent  that  care 
must  be  taken  to  monitor  collector  current,  base  current,  emitter-base 
voltage  and  collector-base  voltage.  The  total  power  being  dissipated 
is  then: 


r  “  ~  VCBIC 

with  In  no  longer  negligible.  Contrast  this  with  the  old  rule  of  thumb; 

P  =  VC3IC.  It  is  obvious  that  the  circuit  designer  will  have  to  be  aware 
of  this  pitfall  and  mindful  of  the  actual  physics  of  this  device  rather 
than  relying  upon  the  "rule  of  thumb"  methods  of  design  which  seem,  to 


have  grown  up  with  the  transistor. 

Bias  point  instability  was  first  observed  when  the 
current  a-c  beta  vac  being  investigated.  It  was  noticed 


low  collector 
that  for  a  g 


Ivon 
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collector  currcit  end  collector  1.  x dr  nee. 


collector  supOy  volt  , 
denies  it  the  grid  volt  ;c  would  change  thr  collector  current.  The 
initial  conditions  could  no  restored  by  charging  the  be  sc  current. 

’..Idle  ret  an  unexpected  result  on  the  surface ,  it  "resented  an  undesir¬ 
able  feedback  factor  unless  it  could  be  eliminated.  From  an  a-c  stand¬ 


point  it  was  found  that  the  feedback  could  be  eliminated  by  the  addition 
of  a  by-passed  resistor  in  the  emitter  lead.  This  is  the  same  approach 
as  is  used  in  self  bias  rot-corks  in  both  tubes  and  transistors.  However, 
the  philosophy  of  why  it  corks  is  not  the  same . 

Essentially,  changing  the  grid  voltage  changes  the  d-c  beta  and 
hence  Iq.  Cut  changing  Iq  results  in  a  change  in  the  common  emitter 
input  resistance  as  va  s  explained  in  section  7 

?s=  r'kb'  *  +($*<)%  =re  +  (t*i)rB 


If  a  resistance,  Rp,  is  placed  in  series  with  the  emitter,  this  expres¬ 
sion  becomes: 


?e=  aB  +  (p+>; )(rt-U?£) 

Since  ^I8  =  Ic  >  it  follows  that  for  initial  conditions  and 

for  final  conditions  (after  grid  voltage  changes),  *  ICi  *  If  the; 

grid  voltage  cho.nge  increases  ana  Ig  is  from  a  high  impedance  source  , 
Ip  irill  rot  change  significantly  because  ^ ?  is  a  small  fraction  of  the 
total  impedance  in  the  base  loop.  Kovrever,  if  IB  is  derived  from  a  low 
impedance  source,  Ip  can  bo  made  to  "track"  [3  .  This  is  shown  to  be  the 
case  in  the  following  analysis.  The  desired  result  is  Iq  =  Iq^ „  Refer 


to  figure  19. 

^e<  =  Rs  +  •+  (Pi*1) 

Rez-  Rs  +  r&  +(pz+f) (retRe) 


R.t  +  Re  +  (v"e  +Rn  } 

+  R  £  4*  ^2  (vg  ■+  Rg  ) 
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Fig.  1?  Co.  ror.  c  rittcr 
feedback  ter  s 


Tee  equivalent  base  circuit  reg?ecting 


how  let  +Ap  ”hero  is  the  change  caiised  by  a  change  in  grid 

voltage.  Then : 


lea  *  = _ !4l_  _ 

Rea  Rs  +  re  +  re  +  RE  4  (pi-+Ap}('rE-tf?£) 

and  =  ^62  the  desired  IC)  =Xc2.  ds  to  6e  achieved.  In 

order  to  do  this,  it  is  necessary  to  make  the  ratio  IbiAb2  as  nearly 

equal  to  fi/fa  as  possible.  Therefore  it  is  necessary  that: 

la,  Rb2  _  Rs  +  Fg  +  +  Re  +£"£ ) 

lea  R& I  Rs  +  1^  +■  tg  +<?e+  ^ifrfe  +  Re) 

be  as  nearly  equal  to  as  possible.  If  the  d-c  beta  is  reason¬ 

ably  large  (^10)  and  It  is  very  small,  it  can  be  seen  that  making  R£ 
large  will  reduce  the  above  expression  to: 

ia.  i  |d*g. 

1,2  p< 

as  desired.  When  tested,  this  technique  was  observed  to  almost  eliminate 
the  bias  instability  previously  noted.  By-passing  Rg  with  a  ca.pacitor 
allowed  an  a-c  signal  on  the  grid  to  have  the  desired  affect  on  beta 
without  changing  the  d-c  bias  conditions. 
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10 ,  Summary 

A  new  semiconductor  device  known  es  the  surface-potential  controlled 
transistor  or  seniconc.ii.ctor  tetrode  has  been  described.  The  underlying 
physics  have  been  laid  out  to  aid  in  the  understanding  of  how  it  obtains 
transistor  action.  Tho  device  is  characterized  by  a  high  impedance  ter¬ 
minal  to  which  a  potential  may  be  applied  to  effect  control  of  collector 
current. 

/ 

The  description  of  the  device  in  terms  of  a  hybrid  set  of  parameters 
was  given  and  the  behavior  of  these  parameters  under  varying  bias  con¬ 
ditions  was  investigated.  Based  upon  these  investigations,  the  descrip- 
tion  of  the  tetrode  as  a  transducer  was  derived  and  discussed. 

The  tetrode  is  not  a  commercially  available  device  however,  when  it 
is  marketed  it  offers  great  promise  of  applications  previously  barred  to 
semiconductor  devices. 
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APIT-HDIX  I 


DKRIVATXCi;  0?  THE  ?A3E  I1TI-T  I!  .PEDAUCE  II'  THE 
coi::cii  12  utter  coinnGimTioii 

Vi  s  j-gT I  4y<cg  \4  +y«6sl4  liefer  to  figure  18 

\4S  Ta  /^a  ^>1.  -  Rty/f##.  ^c  +  0  Vj-l; 


^8C  I ,  + 


'3~*3$3  ^3“RV 

r,s  ■*-  ^  4  ^S£  is 


J?<s 


\/3  g  f  fted,  4  ffsc  *4)  Ri  Vg«r  l/6  4  Hz 4 Psa  -r s  It 

Rl^C+I  f?S 

Substituting  the  expression  for  Vg  into  that  for  V^: 

y3  =  ^r>  *  f6c  vj)  +  h***  h] 

Rq  ^  4  -f  / 


j  _  fe  Ri  fscpd 

v3=  . 

Rl.  <|c  +  * 

=  +  g»ci?«r,] 

^5  4  f  J 


Vi  - 


«  « 

Rufc^l 

_  1  +  Pl  -  RgRl  ^C<3  ^£C 

Rs  ^6+  t 

L  ^ 

Using  this  result  to  solve  for  VoS 


^  —  Ri  Pec  X»  _j_ 

*r  « 

Rl 

r  Ms  +  )n  +  p8s  rs  n 

Rj.  i^c+  S 

f<g  ^s+  J 

j  f  4  Rfc^C  -  Rfi  ffi  Jc<?  j 

Substituting  these  expressions  for  V2  and  Vj  into  the  original  expres¬ 
sion  for  Vp,  it  is  found  to  be  a  function  of  Ip  alone.  Since  the  ratio 
of  Vp  to  Ip  is  the  input  impedance  of  the  base,  the  solution  may  be 
found : 
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V,  =  4-  ii 


A9 1 


st  l?«J 


Rs  y$  +  f  ; 


|  Vfe-fr  l  Ri  ifc  +  I  ^  I  ~*~  §Bc.  ft 6  ^1 

I  +foyc  -RaRt-y-es  |$c 


r 
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Ri  tyc  + 1 

M¥&?h 

III  +  pe»R«r,] 

P4  j$+/ 

[  I+Rtae-frsKt^M  J 

^■Sglfe  %C*0  frgcfo 


v,  p' 

x:  -{  /+ ps< «$ 


!+  f?t  JC«?<SC 
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A  PUT  DIX  I  I 

jHRi  ^iicr  tp  .i:  grid  i::put  aet^-  cb  t:  the 

COII'Or  SETTER  CO'7IGITATICiT 
14  Refer  to  figure  IS 


\4  s  li  2 -  ft.  /  fttfre* 


In  -  v'g-^es  H 
Re  +  2s 


i*  -  f^sc  r,  +  Vs 

(Pe^It  *  fr&c^a) 

1ft  4  J 

Substituting  the  expression  for  V2  into  the  expression  for  Ip: 

Ie^  _yV  /*<*  ft  _  fas\ 4  _  y^ce  ft.  %,$<  14 


(Pti p+Oifat-Ie)  Rb+2b  (&ffe+ I)(Rb+?b) 

Vb-A^  ~  ^rf^rr 


I,=  f^t^C+0 

f/?4.^c+s)^?ff+£e)  -hy<*8  ft  ^ec 

And  using  this  result  to  solve  for  V2 


V2  =  P&cft 


/*cg 


Vg  -~/%d  Va  -  ft.  <fre  4  8 


(ft 


*  $&Et  Yi 

ft  lftc.4  I 


Substituting  these  expressions  for  V2  and  V3  into  the  original  expres¬ 
sion  fer  1-5,  it  is  found  to  be  a  function  of  V3  alone.  Since  the  ratio 
of  I 3  to  V3  is  the  grid  input  admittance: 
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Substituting  the  expression  for  Ij  into  the  expression  for 
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And  using  this  result  to  solve  for  It  : 
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Substituting  these  expressions  for  V3  and  into  the  original  expres¬ 
sion  for  1 2,  it  is  found  to  be  a  function  of  \T2  alone.  Since  the  ratio 
of  Ig  to  V2  is  the  collector  output  admittance? 
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